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Abstract. We present optical data which shows that
G”, the optical counterpart of the γ-ray pulsar Geminga,
pulses in B with a period of 0.237 seconds. The similar-
ity between the optical pulse shape and the γ-ray light
curve indicates that a large fraction of the optical emission
is non-thermal in origin - contrary to recent suggestions
based upon the total optical flux. The derived magnitude
of the pulsed emission is mB = 26.0± 0.4. Whilst it is not
possible to give an accurate figure for the pulsed fraction
(due to variations in the sky background) we can give an
upper limit of mB ≈ 27 for the unpulsed fraction.
Key words: pulsars: individual (Geminga) techniques:
2-d photon-counting detectors
1. Introduction
The nature of the bright γ-ray source Geminga re-
mained elusive from the first observations using SAS-
B (Fichtel et al, 1975) until its recognition as a pul-
sar with a period of 0.237 seconds in γ rays
(Bertsch et al, 1992 Bignami and Caraveo, 1992) and in
X-rays (Halpern and Holt, 1992). Based upon colour con-
siderations an optical candidate was proposed, G” with a
mV of 25.5 (Halpern and Tytler , 1988). This star had a
measurable proper motion (Bignami and Caraveo, 1993)
indicating a probable distance of about 100 pc and
thereby making a probable association with a neutron
star. Subsequent Hubble Space Telescope observations
have given a distance based upon parallax of 159+59
−34 pc
(Caraveo et al., 1996).
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Optical observations in B showed Geminga to be
fainter than 26th magnitude (Bignami et al, 1988) - a re-
sult confirmed by HST observations (Bignami, 1997). In V
Geminga is brighter at 25.4. This aspect of the spectrum
has been explained by a proton cyclotron feature causing
either preferential emission in V or absorption in B and
I (Bignami et al, 1996) superimposed on a thermal con-
tinuum. However, re-analysis of the EUVE and ROSAT
datasets highlight an error in this earlier work, indicat-
ing that the thermal continuum would not be expected to
dominate in the optical regime, based on the observed flux
(Halpern et al, 1996). Such an apparent absorption fea-
ture has been previosuly observed in the Crab spectrum
(Nasuti et al 1996) although not confirmed by other ob-
servations (Komarova et al, 1996). Recent spectral stud-
ies of Geminga (Martin et al, 1998) show a continuous
power-law from 3700 to 8000 (A˚) with no such features
consequently indicating that a predominantly magneto-
spheric origin is preferred over a thermal one. It should be
noted that these spectroscopic studies were at the limit of
the observational capabilities of the Keck and with a low
signal-to-noise ratio.
Of crucial importance to the understanding of neutron
star structure is the stellar radius. This can in principle be
inferred once the distance and the black-body contribution
has been measured (Walter and Matthews, 1997). How-
ever determining the black-body component of an isolated
neutron star is complicated by magnetospheric and possi-
ble atmospheric effects (Pavlov et al. 1996). As Geminga
is very nearby it is a prime candidate for measuring the
thermal component - crucial to this will be the removal
of the magenetospheric component of its emission. This
is possible by determining what contribution of the op-
tical emission is pulsed and whether it ’follows’ the hard
(magnetospheric) or soft (presumed thermal) X-ray emis-
sion profile. The faintness of the optical counterpart has
precluded time-resolved observations using conventional
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photometers. However by using 2-d photon counting de-
tectors, the required astrometric analysis can be carried
out off-line. Consequently photon arrival times can be
measured from a reduced (seeing optimised) aperture di-
aphram.
2. Observations
Observations were made on 25th and 26th February 1995
using the 3.55m New Technology Telescope (NTT) at La
Silla. Follow up observations were taken in January 1996,
using the 6m telescope (BTA) of the Special Astrophysical
Observatory over three nights. Two MAMA detectors were
used; one a B extended S-20 (Timothy and Bybee, 1986)
and the other a bialkali (Cullum, 1990) photocathode. By
using the UCG TRIFFID camera (Redfern et al, 1993) to
record the data. The arrival time and position of each
photon was recorded to a precision of 1 µsecond and 25
microns. The spatial resolution was equivalent to 0”.13
on the NTT and 0”.25 on the BTA. Absolute timing was
achieved using a combination of a GPS receiver, which
gave UTC to a precision of 400nsec every 10 seconds,
and an ovened 10MHz crystal which was accurate to
< 1 µsecond per 10 second interval. On each night the
Crab pulsar was observed for calibration purposes. Using
a Crab timing ephemeris (Lyne and Pritchard, 1996) the
barycentric phase of the Crab pulse was determined; phase
was maintained to within 10 µseconds over the whole pe-
riod. Table 1 shows a log of the observations.
Photon positions were binned to produce an image af-
ter each exposure was made. By using the TRIFFID im-
age processing software, the images could be marginally
improved by removing the effects of telescope movement
(Shearer et al, 1996). These images were compared with
HST/WFPC2 archival images to determine the position
of Geminga at these epochs. After coaddition of all the
B and V images from January 1996, a faint star could be
seen at the expected position of Geminga. No such ob-
ject could be seen in the February 1995 data. The reason
for this was two fold: firstly the exposure time-telescope
aperture product was 5 times greater in 1996 compared to
1995 and secondly the flat-fields were deeper in the later
observations.
Once the position of Geminga was established, the
photons times were extracted from a window, centred
on Geminga, with a diameter corresponding to the av-
erage seeing widths for each exposure. This was chosen
to maximise the signal to noise ratio. These extracted
times were then translated to the solar system barycen-
tre using the JPL DE200 ephemeris. The Geminga arrival
times were folded in phase using the EGRET ephemeris
(Mattox et al, 1996) for each colour and for each observ-
ing run.
Figure 1 shows the light curve in B for each night
of January 1996 and Figure 2 shows the combined light
curve. Figure 3 shows the time resolved images in B for
Fig. 1. Phase plot for the three individual nights observed in
January 1996. Two phases are shown for clarity.
Fig. 2. Total phase plot for January 1996 in B. The error
bars represent the Poissonian fluctuations of the original data
set. Also marked are the phases of the peaks of the EGRET
light curve. The dotted line indicates the background level with
its associated error based upon counting statistics (±25) and
systematic errors including flat field errors (±75).
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Table 1. Summary of Observations
Date UTC Duration Detector Telescope Filter Seeing
(s) (′′)
1995 Feb 26 01:14:37 4580 GSFC NTT V 1.3
1995 Feb 26 02:36:37 4387 GSFC NTT V 1.4
1995 Feb 26 03:50:49 3662 GSFC NTT V 1.4
1995 Feb 27 01:58:20 788 ESO NTT B 1.3
1995 Feb 27 02:42:23 2096 ESO NTT B 1.2
1995 Feb 27 03:19:28 3000 ESO NTT B 1.7
1996 Jan 12 18:07:15 4397 ESO BTA B 1.6
1996 Jan 12 19:21:14 6409 ESO BTA B 1.5
1996 Jan 12 21:36:04 884 ESO BTA V 1.5
1996 Jan 12 21:52:02 413 ESO BTA V 1.5
1996 Jan 12 22:23:56 2914 ESO BTA V 1.3
1996 Jan 12 23:13:26 2618 ESO BTA V 1.4
1996 Jan 13 19:28:34 7509 ESO BTA B 2.2
1996 Jan 14 16:59:25 8182 ESO BTA B 1.2
1996 Jan 14 19:18:44 2810 ESO BTA B 1.2
4 phase bands as indicated. Clearly Geminga can be seen
during the two ’on’ phases; star G is to the top right. We
note that background fluctuations are consistent with the
expectations of Poissonian statistics. Table 2 shows the de-
termined pulsed magnitude or 1 sigma upper limits where
appropriate. This type of light curve is best analysed using
the Z2n statistic (Buccheri et al 1989). Only the January
1996 B data shows significant pulsations - the Z22 statis-
tic for this data set (of 20.6) has a significance of 99.96%.
In the January 1996 V data a weak signal, with a similar
form, can also be observed.
Table 2. Fluxes
Data Set Pulsed 3 σ Upper Limits Flux µJy
95V 24.0 0.95
95B 23.8 1.3
96V 25.5 0.24
96B 26.0 ±0.4 0.17 +0.07
−0.05
This can be understood from the length of the V obser-
vation being about a fifth of the B, the sky brightness in
V was about 1.5 magnitudes higher than in B and the de-
tector used in 1996 had a bi-alkali photocathode with a B
DQE higher than V (Cullum, 1990). No significant signal
was observed in February 1995 - mainly due to the smaller
telescope aperture. Given these considerations the upper
limits of our data are consistent with the level of pulsations
remaining constant. In order to estimate the pulsed frac-
tion the background level had to measured. For each data
set the background was determined as the mean of the
signal in a small annulus, of radius 2”.5 and width 0”.25
around the position of Geminga. The magnitude calibra-
tion was achieved using the star G (Bignami et al, 1988)
which was always in the field of view. Our measured pulse
fraction is consistent with 100%, but, we should stress that
there is a large error in this value, due to uncertainties in
measuring the sky background, as seen in figure 2. We can
however give a 1σ upper limit to the unpulsed component
of 30%.
3. Discussion
Our results agree qualitatively with the previously ob-
served optical flux, but the form of the optical light
curve resembles the γ and hard X-ray rather than the
soft X-ray signature, implying a magnetospheric origin.
In γ-rays the spectrum is double peaked with maxima
at phases 0.25 and 0.75 (Mattox et al, 1996). The soft
X-ray is characterized by a sinusoidal modulation con-
sistent with thermal emission with two temperatures
(5.2 105 and 3.0 106K) or from a single thermal source
and a power spectrum (Halpern and Ruderman, 1993,
Halpern and Wang, 1997). EUVE satellite observations,
albeit with low significance, indicate that the ex-
treme UV timing profile is similar in shape to
the soft X-ray light curve. Recent reported detec-
tions of radio emission (Kuz’min and Losovskii, 1997,
Malofeev and Malov, 1997) do not show a consistent pulse
profile pattern and Geminga’s radio emission is still a topic
of some debate. However the phase agreement of the γ-ray
light curve with the radio profile of Kuz’min and Losovskii,
using the EGRET ephemeris, would suggest that peak 2
corresponds to direct polar emission as reported in their
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Fig. 3. Phase resolved images of Geminga. The pixel scale
is 0”.22 / pixel. Star G is to the top right in all images and
Geminga is marked.
paper. When this is combined with the doubled pulsed
optical, hard X-ray and γ-ray profile we can attempt to
constrain models for the high energy emission. The high
energy pulses are about 0.5 phase apart which rules out a
geometry similar to the Crab pulsar. It would seem that
Geminga has a magnetic axis at about 90o to the rotation
axis, with the emission sites situated close to the neutron
star surface. Interestingly when we fold our data, using the
Malofeev and Malov ephemeris, one of the optical pulse
peaks arrives at phase zero - expected from most emission
models where phase zero generally corresponds to the ra-
dio peak. What is not clear is why the Malofeev and Malov
pulse is delayed to phase 0.4.
From Figure 2 we can see that the signal shows two
peaks with a phase separation of≈ 0.5. We can understand
this in terms of the extrapolation of the pulsed γ emission
to optical wavelengths, which is valid for the Crab pul-
sar. γ-ray emission from Geminga has been suggested to
be variable (Ramanamurthy, 1995) in both total intensity
and spectral index. Our optical observations are within
the spread of variation and wide dispersion from the higher
energy points (Mayer-Hasselwander et al., 1994). Halpern
& Wang’s more recent analysis fitted the x-ray and hard
UV data to a black-body spectrum (T ≈ 6 105 K) with
a power law. The low energy extrapolation of their black-
body fit would produce an optical flux 2 magnitudes
fainter than we observe, whilst the power law would pro-
duce a flux > 5 magnitudes brighter. As with the Crab
pulsar this points to a probable flattening of the spec-
trum in the UV region. We should also note this extension
from the X-ray to the optical does not require a proton
cyclotron feature (Bignami et al, 1996) to explain the V
data but it might imply that there is preferential absorp-
tion in I. This could be due to a number of processes
including electron cyclotron resonance scattering or syn-
chrotron self-absorption (unlikely in this instance). Such
a turnoff has been observed spectroscopically in Geminga
(Martin et al, 1998) albeit with low significance. As sim-
ilar I attenuation is observed in both the Crab and Vela
pulsars’ spectra we are begining to develop an understand-
ing whereby the high energy emission from these objects
comes from a similar process. Our results when taken in
conjunction with the spectroscopy studies favour an elec-
tron synchrotron origin for the radiation at least up to
the edge of the B band. Differences can be understood
in terms of the viewing geometry and path length over
which the electrons are radiated. Deep, phase resolved
observations in V, R, I and H will be crucial in deter-
mining whether there is a continuum infra-red turnover
or whether there is an absorption line. Such observations,
including a determination of the pulse fraction, will ad-
equately separate the thermal and non-thermal compo-
nents with important ramifications for models of pulsar
emission. Indeed, the unpulsed components would con-
strain Geminga’s thermal continuum, which in conjunc-
tion with EUVE and X-ray data and the known distance
would provide definitive estimates, rather than upper lim-
its (Walter and Matthews, 1997), on the neutron star’s
size.
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